Abstract-A superconducting dipole, designed for use as a sweeper magnet for nuclear physics experiments, is being constructed by the NHMFL for operation at the NSCL. The magnet operates at a peak mid-plane field of 3.8 T in a 140 mm gap. A multi-particle beam enters the magnet from the upstream side. The neutrons continue straight through to a neutron detector. The charged particles are swept 43 degrees on a one meter radius into a mass spectrometer. Extensive model-based computer analysis (MBA) have been applied for optimizing the coils and the stainless steel bobbin with regard to its shape while keeping the strain and the fraction of actual to critical current within reasonable limits. The structural FEM analysis had to address a variety of complex physical phenomena (composites with orthotropic material properties, cool down, surface-to-surface contacts, etc.) and the loads due to operation (Lorentz forces) had to be obtained from a parallel/coupled magnetic field analysis. One of the challenges magnet designers face in optimizing magnet systems is that the detail required to obtain reasonable accuracy is not well known. This paper presents results of the structural design optimization for the sweeper project and evaluates the adequacy of alternative modeling approaches. Also the final magnetic design of the system is summarized and progress toward fabrication is presented.
I. INTRODUCTION
T HE NATIONAL High Magnetic Field Laboratory (NHMFL) has finished the electromagnetic and structural design of the NHMFL/NSCL sweeper magnet [1] . The magnet is designed to bend charged particles of 4 Tm rigidity 43 degrees at a roughly one meter radius. Due to space limitations and gap size requirements, a high current-density D-shaped winding pack is required. The forces acting on the winding pack are high and the structural design of the coil and bobbin is a critical issue. Recent efforts have focused on this issue and have resulted in substantial design changes in recent months as explained below. 
II. SYSTEM DESIGN
The physical constraints and optimization of the sweeper system has already been discussed in [1] , [2] . The basic magnet parameters and the specifications of the superconducting wire for the sweeper are given in Table I . The sweeper magnet consists of four main subsystems: the magnet cryostat, the satellite cryostat, the magnet iron and the power supply as shown in Fig. 1 .
• The magnet cryostat consists, in turn, of two D-shaped superconducting coils (Fig. 2) ; a stainless steel bobbin ( Fig. 2 ) that serves as the main structural support and as the helium vessel; structural links from 300 K to 4 K (Fig. 1) ; a nitrogen shield; and a vacuum vessel (Fig. 5 ).
• The satellite cryostat (Fig. 1 ) provides all the connections between the superconducting coils and the outside world including: a 36 liter helium tank; a 6 liter nitrogen tank; vapor cooled leads; pressure reliefs; cryogenic supply and return.
• The magnet iron consists of 20 tons of low carbon steel constructed in a C shape about the magnet cryostat as shown in Fig. 1 . The magnet iron pole pieces enhance the field on the beamline while the magnet iron tail reduces the fringe field [1] , [2] . • The power supply has been built by Alpha Scientific.
Specifications for the power supply are given in Table II .
III. COIL/BOBBIN STRUCTURAL DESIGN
Extensive model-based computer analysis (MBA) have been applied for optimizing the structural design of the coils and the stainless steel bobbin. The structural FEM analysis had to address a variety of complex physical phenomena including composites with orthotropic material properties, cool down, surface-to-surface contacts, and many more. Furthermore, the loads due to operation (Lorentz forces) had to be obtained from a parallel/coupled magnetic field analysis. Determining the minimum detail required to obtain a reasonable accuracy presented one of the common challenges. In the following sections results of the structural design optimization for the sweeper project are presented and the adequacy of alternative modeling approaches is evaluated.
A. Development of the Finite Element Mesh/Model
The coil-pack and bobbin were modeled using the finite element code ANSYS™. Due to the symmetries of the system it was sufficient to model only a quarter of the system (Fig. 2) and apply the corresponding boundary conditions. Since CAD software tools have been utilized in the initial design stage the proposed coil and bobbin geometry was already available in digital format and could be imported from the 3-D CAD models. However, these data only served as an input grid for the structural model because a number of modifications simplifying nonstructural details as well as refining details for the finite element analysis (FEA) had to be introduced first. Different alternative options for creating the FE-mesh have been considered and explored.
In contrast to other engineering applications linear brick elements turned out to be the most suitable element type for the nonlinear structural analysis of the sweeper magnet. Since the features for automated mesh generation built in the ANSYS™ pre-processor fail to avoid tetrahedral and/or quadratic elements for nontrivial volumes the complex model geometry of the sweeper magnet had to be broken down into about 120 (6-sided) mesh blocks. The manual efforts for this model discretization and for the definition of the mesh control parameters for each of these blocks is quite considerable.
However, once developed the parameterized mesh generator served as a valuable tool for the numerous iterations of the structural optimization of the sweeper magnet. Finally, a finite element model (Fig. 2 ) containing about 30 500 nodes and as many elements proved to be adequate in order to obtain the desired result accuracy.
B. Coil-Bobbin Interaction
It is a common practice for engineers to merge different structural components by simply sharing common nodes at their intersecting surfaces. For the sweeper magnet very high forces acting on the winding pack have to be reacted to the bobbin, which presents the support structure for the coil. Since the winding also represents the most critical component and the critical strain and stresses in question occur at the external coil surfaces, local errors introduced by the node merging technique are not acceptable. Thus, the sliding contact has been modeled explicitly using about 6500 surface-to-surface contact elements. These elements allow us to address existing friction and separation between the coil-pack and the bobbin and result in a solution of highly nonlinear nature. A symmetric contact configuration applied to master/slave surface pairs broken down into reasonable sized contact zones turned out to be the most efficient solution (primarily in CPU time and numerical stability).
C. Material Properties
We considered temperature dependent material properties accounting for the two stages: assembly at room temperature and operation at 4.5 K. The individual materials composing the coilpack, and their properties for operation, have been presented in [2] .
In spite of the fact that state of the art computer resources 1 have been utilized, an explicit modeling of the individual winding components is not possible because of the hardware and software limitations. Thus, smeared orthotropic material properties (given in a cylindrical coordinate system) have been deduced from the cross sections of the different composite materials in each direction (Table III) .
D. Translation of Lorentz Forces
In order to combine the advantages of the unique features provided by the software tools with different specialization, the majority of the magnetic design optimization has been aided by the commercial code Opera by ector ields™ supplemented by a number of in-house software routines while most structural aspects have been studied applying the FE-code ANSYS™. In order to avoid the duplication of modeling efforts all forces of magnetic nature have been transferred between these software packages. For organizing this data transfer and synchronizing the configurations of the magnetic model ( Fig. 1 ) and the structural model (Fig. 2 ) a special code generating input scripts for the various pre-and post-processors has been developed in house.
Three alternative load distributions have been considered and evaluated using the same results imported from the magnetic analysis (Lorentz forces due to operation and mis-alignment offset of the coils).
• Resultant forces integrated over the whole coil-pack and transferred to its center of inertia.
• Sectional constant radial surface (pressure) loads scaled to be integral equivalent and applied on the external surfaces of the coil-pack.
• Distributed body forces (3-d load vectors) differentiated
to the level of and applied at nodes of the parameterized adaptive finite element mesh. The resultant forces have been useful and adequate as an input for separate analyses optimizing the vacuum vessel and the warm-to-cold links. Comparison of results obtained by applying the two other load models pointed out that the significantly higher effort for modeling the detailed distributed loads are not definitely needed for analyzing the sweeper magnet and similar systems. The resultant critical strain and stresses in the coil-pack differed by less than 10% and those in the bobbin differed by even less than 1%. Furthermore, all results obtained by the cruder method based on surface loads proved to be exclusively "conservative" providing upper design boundaries "on the safe side."
E. Optimization Results
The parameterized FE models introduced in the previous chapters provided an excellent tool for a very systematic optimization of the structural design refined by numerous iterations. In light of these calculations, the design parameters could be tuned resulting in a structure that is able to contain and/or transfer all existing loads safely and along optimal paths minimizing local strain and stress concentrations. Among many other detail improvements having a rather integrated than a direct effect the following modifications helped to substantially improve the structural mechanics and the manufacturability of the sweeper magnet: • A cold link connecting the inboard and outboard bobbin legs at the center traversing the pole-pieces [2] helps to effectively gain the proper bobbin stiffness to keep the deformations of the coil-pack within acceptable limits.
• Changing of the inner corner radii of the coil-pack resulted in a 25% reduction of the peak stresses in the coil. This caused an only 16% increase of the actual-to-critical current ratio ( ) which can be compensated by a change of the coil height from mm to mm.
• As tests (manufacturing model coils) demonstrated, adding a 7 mm curvature to the straight legs of the coils provides sufficient radial pre-stress in these coil sections during the winding process and helps realizing a better packing factor. Table IV 
IV. HELIUM VESSEL AND LINKS-STRUCTURAL DESIGN
Even if the major Lorentz forces induced in the coil are contained within the bobbin the magnitude of the net-force pulling the coil and the bobbin into the iron is still considerable ( 100 kN). These forces as well as structural loads and loads due to mis-alignment offset have to be reacted by the vacuum vessel. Additionally, all possible pressure configurations (atmospheric/vacuum) have to be considered.
A thorough optimization of the vacuum vessel structure has been conducted applying the same techniques as described for the coil/bobbin design. Fig. 5 displays a snapshot of the FE model and the critical von Mises stress distribution. The cross sections and tilting angles of the warm-to-cold links and its tubes, which are planned to be pre-stressed for about 50% of the load due to operation have been optimized accordingly.
V. HELIUM VENTILATION
The heat loads at the interfaces between coil and bobbin are sufficiently large that they could impact the desired temperature margins in the windings, especially in regions near the anchor points of the support members. We mitigate this problem by installing a ventilated spacer system that admits liquid helium into this region. The ventilated spacer system is simply a stack of two sheets of stainless-steel sheet stock, each with a pattern of long, staggered slits (Fig. 6) . Note that all slits are interconnected and the orientation essentially ensures vapor clearing. Each sheet in the illustration has only about 20% void, so that the effective modulus of the stack is more than 64% that of steel.
VI. STATUS AND SCHEDULE
One full scale and three reduced scale model coils have been wound. The wire has been fabricated by Outokumpu and is in Tallahassee ready for winding. The twenty tons of magnet iron has been procured and is waiting in Tallahassee. Coil winding is scheduled to start in October 2001. We intend to produce three identical coils and three identical half-bobbins. Each coil will be welded into its half-bobbin. During normal operation, the forces pulling the coils toward the magnet iron are larger than those pulling them toward each other. By assembling two halfbobbins (with coils inside) back-to-back and providing proper spacing between them, one can get a similar field and stress profile at design current in the coils as they will experience during operation. The current will be raised until a quench occurs. The two best coils will then be welded together and installed in the magnet cryostat. Back-to-back testing is expected to take place in March 2002. The complete system should be assembled and ready for test in June 2002.
VII. SUMMARY
The final magnetic and structural design of a superconducting dipole for use as a sweeper magnet has been presented. Advanced parameterized model-based analysis proved to be an essential tool for the systematic structural optimization of the sweeper magnet. Besides resulting design parameter also appropriate modeling approaches have been introduced and evaluated. It appears that applying Lorentz Forces as surface pressures gives a conservative stress estimate for coils of this class.
